Abstract The microscopic effective charges in mirror nuclei 51 
Introduction
Solving the nuclear many-body problem is a fundamental task in nuclear structure studies. The spherical shell model has continually been a reliable tool when comparing with experimental observables. In practical shell model calculations, the valence space is limited within one or several adjacent major shells. The bulk of its wave function is presumably contained in this restricted configuration space.
However, some important excitations are still not included. Thus the interactions as well as the observable operators should be renormalized accordingly to the chosen model space, which leads to effective interactions and operators. Usually the electric quadrupole operators used in normal shell model calculations are empirically fitted [1] . There are also efforts to derive the effective operators microscopically [2∼7] . In the lower pf shell nuclei, the components of a nuclear state near band-terminating |J term have the trend to converge in the f 7/2 subshell [6] , thus the E 2 decay rate to the next state is an excellent tool to study the effective charges of the f 7/2 orbital. In contrast, the E 2 decay of the low-lying states is not suitable as the very important cross shell excitations are not included in the pf shell calculations. Some experimental efforts have been made in this way to pin down the effective charges in the pf shell nuclei [8∼11] . They have reached agreement on the isoscalar polarization charge (e IS pol = (e p − 1 + e n )/2 ∼ = 0.5), which also agrees with the empirical one. However, large discrepancies still exist for the isovector part, and the experimental B (E 2) values cannot be reproduced by one single set of effective charges. It is argued in Refs. [11, 12] that the state (or orbital)-dependent charges are needed to reproduce the experimental data. In Ref. [6] the microscopic effective charges have been derived and employed to assess the B (E 2) values in Ti isotopes. Due to the fact that the 0f 7/2 → 0f 7/2 transitions dominate when the lower pf shell nuclei approach the band terminating states, in those cases concerned, the microscopic effective charges, as well as the standard charges e p = 1.5, e n = 0.5, both reproduce the experimental B (E 2) values well for the terminating states. However, for the nuclei close to the N = Z = 28 gap, the single-particle transition from the upper pf shell to may also f 7/2 play an important role. It is interesting to investigate the orbital-dependency of these effective charges. Another important issue is the isospin-dependence of the effective charges. The discussion on the carbon chain shows that effective charges gradually decrease as the isospin shifts from proton-rich to neutron-rich isotopes [7] ; therefore it is also interesting to see the relevance of the effective charges on the isospin in the pf shell mirror nuclei. This paper is organized as follows. In section 2 the microscopic effective charges are introduced and the formulism of the particle-vibration coupling model is presented. In section 3 the effective charges in mirror nuclei 51 Mn and 51 Fe are discussed and used to calculate the B (E 2) values. The concluding remarks are given in section 4.
Microscopic state-dependent effective charges
In normal shell-model calculations, the configurations are restricted to within one or two adjacent major shells; thus effective operators have to be introduced to count in the restriction of the Hilbert space. The most important configurations that are neglected in the restricted shell-model calculations are those based on one-particle, one-hole excitation (with most of them involved in giant resonances), which can be treated by random-phase-approximation (RPA). Then, the polarization charges can be studied using the microscopic particle-vibration (PV) model.
Before introducing the theoretical formulism, we first define the isoscalar (IS) and isovector (IV) quadrupole operators,
for IS quadrupole modes,
for IV quadrupole modes, where τ z = −1 is the proton, τ z = 1 is the neutron and A is the mass number. The proton quadrupole operator (or quadrupole charge operator if the electron charge is set to be 1), could be written as,
In practical shell model calculations, the electric quadrupole transition matrix element between the final and initial states can be written as,
where OBTD(j p i p ) and OBTD(j n i n ) are the proton and neutron one-body transition densities between the single-particle orbital i and j, |i and |j are the unperturbed single-particle wave functions of the valence particles, and |ĩ and |j are the perturbed wave functions acted by the external proton (i.e. the electric quadrupole) operator. The sum in Eq. (4) is implicit for all orbitals within the shell model valence space. The fractions in Eq. (4) are defined as the effective charges of protons and neutrons,
For the proton unperturbed single-particle (SP) wave functions |i p and |j p , considering that
It is similar for the neutron unperturbed SP wave functions,
Now the Q π and Q ν in the denominators of Eqs. (5) and (6) can be replaced by Q IS . The polarization effects of core protons, i.e. polarization charges, are readily defined as effective charges minus bare charges
A particle-vibration method with RPA phonons can be used to estimate the perturbed j p Q π ĩ p in Eqs. (5) and (6) [3∼6] . In this paper we first performed the Skyrme-HartreeFock calculations in the coordinate space, and then solved the RPA Green's function using the same interaction, consistently. A particle-vibration coupling model is used to give the perturbed wave functions under external probes in Eqs. (1) and (2) . In the RPA calculations the neutron and proton degrees of freedom are taken into account explicitly. The RPA Green's function is expressed as
where G (0) is the unperturbed Green's function and V is the particle-hole interaction deduced from the Skyrme interaction. In the continuum RPA formulism the RPA strength function is obtained by
The particle-vibration method with RPA phonons is used to calculate the polarization resulting from the core excitations [3∼6] . The perturbed single-particle wave function |ĩ is expressed as
where ε i and ω λ are the single-particle energy and phonon excitation energy, |(j ⊗ ω λ )i is the coupled single-particle wave function with a quadrupole phonon, and V pv is the particle-vibration coupling interaction [3, 6] based on the same Skyrme interaction in the Hartree-Fock and RPA calculations.
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The particle-vibration coupling V pv is derived from the Skyrme interaction by approximating the momentum derivative operators k and k with the Fermi momentum k F so that one can directly use the RPA transition densities for the calculation of the matrix element [3, 5] . Then we have
where
Then the coupling matrix can be evaluated to be
where R j (r) is the radial single-particle wave function and δρ(r) is the normalized radial transition density defined as
In the present proton-neutron formulism, both the isoscalar and isovector parts are included in the particle-vibration coupling V pv , (20) where for calculating the neutron (proton) effective charges, we take τ z = l(−1).
Microscopic effective effects and electric quadrupole transition
In pf shell calculations, the commonly used empirical effective charges are e eff p = 1.5 and e eff n = 0.5 [1] , or equivalently, the isoscalar polarization charge e [8∼11] that the isovector polarization charge is necessary to reproduce the experimental data. In a recent study [12] the microscopic effective charges in A=43 and A=45 mirror nuclei are predicted to be very close to the experimentally extracted ones in Ref. [8] , [8] . Secondly the most important proton effective charges of 0f 7/2 → 0f 7/2 and 1p 3/2 → 0f 7/2 are significantly less than the empirical e eff p = 1.5, and also less than the values of the lower pf shell nuclei (see Refs. [6, 12] ). Thirdly, although there is only one proton, one neutron difference for the mirror nuclei, the polarization charges in 51 Mn decrease more than 10% compared with its mirror 51 Fe. The reason for this can be traced to the fact that the calculated sum rule of the isoscalar response in 51 Mn is 12.8% less than in 51 Fe. Finally, orbital dependency is weaker compared with the carbon isotopes [7] and lower pf shell nuclei [6] . In the shell model calculations the NushellX code [19] , with a pf model space and KB3G [1] residual interaction, is used. The NushellX is a highly parallelized code written by W D M Rae. The theoretical and experimental level scheme up to the band terminations in 51 Fe have been compared in Fig. 1 . Since the isospin is conserved in the present calculation, we only show the energy levels in 51 Fe. The well reproduced energy levels show that the KB3G effective interaction is appropriate.
With the polarization effects introduced, the proton matrix elements between the final state |J and initial state |I , involving the effective quadrupole operators, are usually defined as
where A p and A n are the proton and neutron matrix elements with the bare operators using the proton and neutron wave functions, respectively. d (21) is implicit for all orbitals within the shell model valence space.
The reduced electric quadrupole transition probability between the initial states |J and |I is defined as
Based on the one-body transition matrix elements given by the shell model calculations, the quadrupole transition matrix elements are calculated by two methods. The one labeled PV in Table 2 uses microscopic effective charges and Hartree-Fock wave functions. And HO uses the empirical effective charges with harmonic oscillator wave functions. With the PV method, the HartreeFock wave functions using SKM * interaction [20] are applied to estimate the actual effects, as well as the reduced matrix elements when calculating B (E 2). Using the HO method, we use the oscillator parameter
, where A is the mass number and two empirical effective charge sets, with set one e Table 2 . The PV method has reproduced the B (E 2) values well in 51 Fe and 51 Mn, while both empirical sets of effective charges have reproduced the B (E 2) value reasonably well in 51 Fe but overestimated it by about 20% in 51 Mn. The reason for this is obvious: as the B (E 2) is the square of the proton matrix, Eq. (22), a 10% difference in the effective charges will cause about a 20% difference in the B (E 2) value. 
Conclusions
In conclusion, the microscopic effective charges in mirror nuclei 51 Fe and 51 Mn have been investigated by the particle-vibration coupling method based on the self-consistent Skyrme-Hartree-Fock and continuum random-phase-approximation approaches. The proton effective charges are around 1.25 e, which is less than the empirical value, e eff p = 1.5 e. The microscopic effective charges in neutron-rich 51 Mn are about 10% less than its proton-rich mirror 51 Fe. These effective charges are combined with the shell model to calculate the reduced electric quadrupole transition probability B (E 2) values in 51 Mn and 51 Fe. This proves that the calculated microscopic effective charges have satisfactorily reproduced the B (E 2) values and its ratio in the terminating states.
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